In this paper we study the evolution of a primordial black hole binary (BHB) in a sample of over 1500 direct-summation N−body simulations of small-and intermediatesize isolated star clusters as proxies of galactic open clusters. The BHBs have masses in the range of the first LIGO/Virgo detections. Some of our models show a significant hardening of the BHB in a relatively short time. Some of them merge within the cluster, while ejected binaries, typically, have exceedingly long merger timescales. The perturbation of stars around BHB systems is key to induce their coalescence. The BHBs which merge in the cluster could be detected with a delay of a few years between space detectors, as future LISA, and ground-based ones, due to their relatively high eccentricity. Under our assumptions, we estimate a BHB merger rate of R mrg ∼ 2 yr −1 Gpc −3 . We see that in many cases the BHB triggers tidal disruption events which, however, are not linked to the GW emission. Open cluster-like systems are, hence, a promising environment for GWs from BHBs and tidal disruptions.
INTRODUCTION
The Laser Interferometer Gravitational-Wave Observatory (LIGO) and Virgo have detected six sources of GWs as of writing this article (Abbott et al. 2016a (Abbott et al. ,b, 2017a The LIGO Scientific Collaboration et al. 2017; Abbott et al. 2017b,c) . All of them but one, GW170817, last reference, correspond to a system of BHB. Typically, the masses are larger than the nominal one derived from stellar evolution of 10 M , as predicted by Amaro-Seoane & Chen (2016) , i.e. "hyperstellar-mass black holes", as the authors coined, and previously discussed by e.g. also Heger et al. 2003; Mapelli et al. 2008; Zampieri & Roberts 2009; Mapelli et al. 2010; Belczynski et al. 2010a; Fryer et al. 2012; Mapelli & Bressan 2013; Ziosi et al. 2014; Spera et al. 2015. There are two different channels to form a BHB, namely either (i) in the field in isolation and via stellar evolution of
Galactic population of open clusters, which are characterized by central densities of a few M pc −3 , i.e. much lower than the typical densities of globular clusters, and contain a number of stars from two to three orders of magnitude less than a globular cluster.
We investigate the evolution of stellar BHBs in low-mass and low-density open clusters models by means of high precision direct-summation N−body simulations. In an open cluster the impulsive effect produced by the large fluctuations over the mean field, whose amplitude is of order √ N/N, can significantly affect the BHB evolution. Assuming an initial number of star N o = 1000 for this type of open clusters and N g = 10 6 for a typical globular cluster, we can calculate the expected fluctuations over the mean field amplitude as f = N g /N o = √ 1000 32, thus implying a larger such effect in open clusters. This enhanced effect of stochastic fluctuations (physically given by the rare but close approaches among cluster stars) reflects in the ratio of the 2-body relaxation time scales which, given the cluster sizes as R o and R g , writes as (Spitzer 1987) t rlx, o t rlx, g = 1 f log(0.11 N o ) log(0.11 N g )
.
Assuming R o /R g = 1/5, the above equation yields to t rlx, o /t rlx, g 0.02, meaning that the smaller system evolves 50 times faster. Of course, this enhanced effect of individual strong encounters is partly compensated by their smaller time rate.
In this paper we address the evolution of a BHB which, as a result of dynamical friction orbital decay (see e.g. Binney & Tremaine 2008), we assume to be located at the centre of an open cluster-like system. The masses of the black holes are set to 30 M each, following the first LIGO/Virgo detection, the GW150914 source (Abbott et al. 2016a) , and Amaro- Seoane & Chen (2016) . Despite the possible ejection due to the supernova natal kick, there is margin for such kind of remnant to be retained in an open cluster. Indeed, compact remnants such as neutron stars and black holes formed in massive binaries are much easier retained in clusters because the kick momentum is shared with a massive companion, which leads to a much lower velocity for the post-supernova binary (Podsiadlowski et al. 2004 (Podsiadlowski et al. , 2005 . In the case of neutron stars, Podsiadlowski et al. (2004) showed that for periods below 100 days, the supernova explosion leads to a very little or no natal kick at all (their Fig.2 , the dichotomous kick scenario). Open clusters have binaries mostly with periods of 100 days and below (see Mathieu 2008 , based on the data of Duquennoy & Mayor 1991) . These results can be extrapolated to black holes because they receive a similar kick to neutron stars (see Repetto et al. 2012 and also the explanation of Janka 2013 of this phenomenon). In any case, black holes with masses greater than 10 M at solar metallicity form via direct collapse and do not undergo supernova explosion, and hence do not receive a natal kick (Perna et al. 2018) . Also, while the solar metallicity in principle could not lead to the formation of black holes more massive than 25 M Spera & Mapelli (2017) , we note that the resonant interaction of two binary systems can lead to a collisional merger which leads to formation of this kind of black hole (Goswami et al. 2014; Fregeau et al. 2004 ) at the centre of a stellar system, where they naturally segregate due to dynamical friction.
Moreover, we note that another possibility is that these stellar-mass black holes could have got their large masses due to repeated relativistic mergers of lighter progenitors. However, the relativistic recoil velocity is around 200 − 450 km/s for progenitors with mass ratio ∼ [0.2, 1] respectively, so that this possibility is unlikely (see e.g. Amaro-Seoane & Chen 2016, their Fig. 1, lower panel) , because they would escape the cluster, unless the initial distribution of spins is peaked around zero and the black holes have the same mass (as in the work of Rodriguez et al. (2018) in the context of globular clusters). In this case, second generation mergers are possible and, hence, one can form a more massive black hole via successive mergers of lighter progenitors.
The relatively low number of stars of open clusters gives the possibility to integrate over at least a few relaxation times in a relatively short computational time, so that, contrarily to the cases of globular clusters or galactic nuclei, it is possible to fully integrate these systems without the need to rescale the results.
In this article we present a series of 1500 dedicated direct-summation N−body simulations of open clusters with BHBs. The paper is organized as follows: in Sect. 2 we describe the numerical methods used and our set of models; in Sect.3 we present and discuss the results of the BHB dynamics; in Sect. 4 we discuss the implication of our BHBs as sources of gravitational waves; in Sect. 5 we present the results on tidal disruption events, in Sect. 6 we draw overall conclusions.
METHOD AND MODELS
To study the BHB evolution inside its parent open cluster (henceforth OC) we used NBODY7 (Aarseth 2012), a direct N-body code that integrates in a reliable way the motion of stars in stellar systems, and implements a careful treatment to deal with strong gravitational encounters, taking also into account stellar evolution. We performed several simulations at varying both OC and BHB main properties, taking advantage of the two high-performance workstations hosted at Sapienza, University of Roma, and the Kepler cluster, hosted at the Heidelberg University. Table 1 summarizes the main properties of our N-Body simulation models. We created four simulation groups representing OC models at varying initial number of particles, namely 512 ≤ N ≤ 4096. Assuming a Kroupa (2001) initial mass function (0.01 M ≤ M ≤ 100 M ), our OC model masses range between 300 M and 3000 M . All clusters are modeled according to a Plummer density profile (Plummer 1911) at virial equilibrium with a core radius (r c = 1 pc), and adopting solar metallicity (Z ). We perform all the simulations including the stellar evolution recipes that are implemented in the NBODY7 code which come from the standard SSE and BSE tools (Hurley et al. 2000 (Hurley et al. , 2002 , with updated stellar mass loss and remnant formation prescriptions from Belczynski et al. (2010c) . Further, for simplicity, we do not take into account primordial binaries, which we leave to future work. To give statistical significance to the results we made 150 different realizations of every model, which are denoted with names A00, A05, B00, B05, C00, Table 1 . Main parameters characterizing our models. The first two columns refers to the cluster total number of stars, N cl , and its mass M cl . The second two-column group refers to the BHB parameters: semi-major axis, a, and initial eccentricity, e. The last column gives the model identification name. Each model is comprised of 150 different OC realizations.
Cluster
BHB N -body set C05, D00 and D05, where the letter refers to increasing N and the digits to the initial BHB orbital eccentricity. Additionally, we ran a further sample of 421 simulations, aiming at investigating the implications of some of our assumptions on the BHB evolution. These models are deeply discussed in Sect. 5. In all our simulations, we assumed that the BHB is initially placed at the centre of its host OC, and is composed of two equal mass BHs with individual mass M BH = 30 M . The initial BHB semi major axis is 0.01 pc with two initial eccentricities, e BHB = 0, e BHB = 0.5. The initial conditions drawn this way are obtained updating the procedure followed in Arca-Sedda et al. (2015) . The choice of a BHB initially at rest at centre of the cluster with that not very small separation is not a limitation because the dynamical friction time scale of 30 M is short enough to make likely that both the orbital decay of the BHB occurs rapidly and also that the probability of a rapid formation of a BHB from two individual massive BHs is large even on a short time.
The BHB orbital period is, for the given choices of masses and semimajor axis, P BHB = 0.012 Myr. Note that our BHBs are actually "hard" binaries (Heggie 1975; Hills 1975; Binney & Tremaine 2008) , having binding energy BE∼ 3.8 10 45 erg, which is larger than the average kinetic energy of the field stars in each type of cluster studied in this work. All models were evolved up to 3 Gyr, which is about 3 times the simulated OC internal relaxation time. The scope of the present work is to give investigate the BHB dynamical evolution, hence we focus on tracking mainly its evolution. We also note that stellar-mass BHs naturally form binary systems in open clusters over a wide cluster mass range, and can also undergo triple-/subsystem-driven mergers, as recently shown through explicit direct N-body simulations by Kimpson et al. (2016) and Banerjee (2017) .
DYNAMICS OF THE BLACK HOLE BINARY

General evolution
The BHB is assumed to be located at the centre of the cluster. Due to interactions with other stars, the BHB can either undergo one of the following three outcomes. First, (i) the BHB can shrink and hence become harder, meaning that the kinetic energy of the BHB is higher than the average in the system (see e.g. Binney & Tremaine 2008) ; also (ii) the BHB can gain energy and therefore increase its semi-major axis and (iii) the BHB can be ionised in a typically three-body encounter. In Table 2 we show the percentages of these three outcomes in our simulations. We can see that typically about 90% of all binaries shrink their semi-major axis as they evolve, as one can expect from the so-called Heggie's law (Heggie 1975) . We note that models in which the binary initially was eccentric lead to a higher percentage in the "harder" outcome. We display in There are however cases in which the binary gains energy from gravitational encounters and increases its semimajor axis, becoming "wider" (Table 2 , column 2). If the host cluster is massive enough, the semi-major axis always decreases (models C and D), contrary to lighter models, in which it can increase (models A and B).
Because of the initial choice of the BHB semi-major axis, gravitational encounters with other stars rarely ionise it, although we observe a few events, typically below 7 % (circular binaries are easier to ionise). This ionisation happens between ∼ 5 Myr and up to ∼ 100 Myr and it is usually driven by the encounter with a massive star ( 10 M ). In such case, the massive star generally pair with one of the BHs, while the other BH is usually ejected from the stellar systems.
Pericentre evolution
For a BHB to become an efficient source of GWs, the pericentre distance must be short enough. In this section we analyse the evolution of the pericentres for our different models. In Table 3 we summarise the results of Figs. 2, 3. In the table we show the average pericentre distance at three different times(1, 2 and 3 Gyr) in the evolution of the cluster as well as the absolute minimum pericentre distance we find at each of these times.
For BHB which initially are circular, we can see in the table and in Fig. 2 that in all models there is a significative shrinkage of the pericentre distance of, at least, one order of magnitude. Such shrinkage occurs after only 1 Gyr. For the most massive clusters, i.e. model D00, about 20% of all binaries achieve a pericentre distance which is of about two orders of magnitude smaller than the initial value. We note, however, that a very few binaries shrink to extremely small values, reaching pericentre distances of down to 10 −7 pc. Eccentric binaries also shrink and achieve smaller pericentre values, as we can see in Fig. 3 . In both the case of eccentric and circular orbit, we note that in low dense clusters, i.e. Table 3 . Evolution of the BHB pericentre distance for all the models. The columns from left to right denote, respectively: the model, the initial BHB pericentre (r i p ), the time in which we have calculated the average (T ), the BHB pericentre distance averaged over all the simulations of the respective model ( r p ), and the absolute minimum distance we record (r mi n p ). We note that the Schwarzschild radius of a 30 M is 1.43 × 10 −12 pc.
2.6 × 10 −4 2.5 × 10 −7 1 1.3 × 10 −4 2.7 × 10 −6 D00 1.0 × 10 −2 2 1.0 × 10 −4 9.2 × 10 −7 3 9.1 × 10 −5 8.8 × 10 −7 1 1.5 × 10 −4 1.8 × 10 −6 D05 5.0 × 10 −3 2 1.5 × 10 −4 3.6 × 10 −6 3 1.3 × 10 −4 9.8 × 10 −6 model A and B, the BHB preserves a pericentre relatively close to the initial value indicating that such stellar systems are less efficient in favouring the BHB shrinkage. In such models the pericentres data appears more spread than in models C and D. A further difference is that for example in model A00, even after 3 Gyr, the BHB have larger pericentres, indicating that the binary becomes wider, contrary to what is observed in model A05. We note additionally, that in the intermediate low massive model, B05, the pericentre reaches very small values (of the order of 10 −7 pc) which does not occur for an initial circular orbit. These results indicate that in such cases, both the cluster stellar density and the initial orbital eccentricity play a relevant role in favouring the BHB shrinkage.
Retained and dynamically-ejected BHBs
We observe that in the majority of cases these dynamicallyformed binaries interacting with other stars in the system can also be ejected away from the cluster. In the code that we are using, NBODY7, single or binary stars are considered escapers of their energy is positive and their distance to the centre of the OC centre is at least two times the initial half mass radius (Aarseth 1973 (Aarseth , 2003 . Taking into account . BHB pericentre distance distribution for all simulations of models A00, B00, C00 and D00. The histograms are calculated at three different points in the evolution of the systems, namely at 1 Gyr (blue), 2 Gyr (red) and 3 Gyr (green). We show with a vertical, black dashed line the initial pericentre in the model.
the evolutionary scenarios discussed in Sect. 3.1, we derive for each model the fraction of escaping and retained BHBs. Table 4 summarizes the results of this analysis. In model A all the BHBs that become harder, i.e. shrink their semi-major axis, are retained in the OC both in the cases in which the binary has an initial circular orbit (A00) and in the cases in which the BHBs has initial eccentric orbit (A05).
In model B only a small fraction of BHBs (0.7 %) is ejected from the cluster while a large fraction is retained. In particular, in model B05 the fraction of ejected BHBs (2.7 %) is higher than in model B00. In model C the percentage of ejected BHBs is larger than in the previous cases. In particular, when the binary has an initial eccentric orbit (model C05) the fraction of escaping BHBs is about the 10.5 %. Finally, in model D the majority (≥ 85 %) of BHBs is retained in the cluster even if in this case, contrary to the previous situations, circular orbits have a higher fraction of ejected BHBs.
After an ionisation of the BHB, the individual black holes usually form a new binary with a star in the cluster. These dynamically-formed binaries are usually short-lived, and last at most some tens of Myrs.
After a BHB has been separated, one of the black holes stays in the cluster and forms a new binary with a star. These dynamically-formed binaries do not survive for long. Moreover, we notice that the newly single BHs are more likely to be expelled from the stellar systems than retained because of multiple scattering with massive stars ( 10 M ). The presence of such massive stars is comparable to the time at which the BHs are expelled from the systems, which is generally short ( 100 Myr). As it is shown in Table 4 , only in three models studied (A00, C00 and D00) the BHs are retained after the binary breaking.
Note that the larger fraction of ejected BHBs "belongs" to more massive clusters (C and D) in spite of their larger escape velocity.
The time at which the bound BHB is ejected from the cluster varies among the models, with a BHB mean ejection time between 0.4 and 1.2 Gyr. We noticed that low dense clusters (models A and B) show a BHB ejection time shorter than massive clusters (models C and D).
The pie charts in Fig. 4 illustrate the probabilities of the different channels for two models studied, C and D (both configuration 00 and 05). Harder binaries are denoted with letter "h", wider with "w", broken up binaries with "b". Then, each of the three scenarios are split into two cases: BHB retained by the cluster (indicate with "ret") and BHB or BHs ejected from the system (indicate with "esc"). From the pie charts it is clear that in the majority of cases the BHBs shrink the semi major axis, becoming harder and remaining bound to the parent cluster. Model C00 and D00 show also a very small fraction of broken up binaries (hence newly single BHs) which are retained by the clusters. Such result, on the contrary, is not observed in model C05 and D05. A considerable number of harder BHB escaped from the cluster is observed in model C05. Furthermore, the percentage of newly single BHs escaped from the cluster (b esc ) is higher in model C00 and D00. Finally it is worth noticing the fraction of coalescence events (black slices) in each model.
External Tidal Field
For a Milky Way-like galaxy the dynamical evolution of open clusters may be significantly influenced by an external tidal field (Banerjee 2017) . To investigate such effect, we assume our clusters are embedded in a tidal field like that of the solar neighbourhood. The Galactic potential is modelled using a bulge mass of MB = 1.5 · 10 10 M (Miyamoto & Nagai 1975) and disc mass MD = 5 · 10 10 M . The geometry of the disc is modelled following the formulae of Dehnen (1993) The colour is referred to: the fraction of retained harder BHB (h ret ), the fraction of ejected harder BHB (h esc ), the fraction of escaped wider BHB (w ret ), the fraction of retained wider BHB (w ret ), the fraction of broke binaries retained (b ret ), the fraction of broke binaries ejected (b esc ) and the fraction of mergers (mer ge). On the other hand the striped slices referred to BHB that broke up. The width of each slice indicate the percentage as shown in Table 4 and Table 5 .
contribute stripping stars from the cluster, accelerating its dissolution through the field. In our models the complete dissolution of the clusters occur between 1.5 Gyr and 3 Gyr. We notice that the significant reduction of the BHB semi major axis (up to 1-2 order of magnitude) occurs in a time which ranges between ∼ 50 and ∼ 7 · 10 2 Myr. In such time-range the clusters are still bound and the tidal forces have not yet contribute to dilute the clusters, avoiding the binary harden. The gravitational interactions that contribute to significantly shrink the BHB semi major axis act in a short time-range and in such time the cluster still contain between 60% and 80% of bound stars.
The complete disruption of clusters occur when the gravitational interactions do not play anymore a dynamical role in the evolution of the black hole binary. It is worth mentioning that such result are typical of open cluster that lie at 8.5 Kpc from the Galactic center, otherwise clusters closer to the central regions would dissolve in a shorter time scale.
SOURCES OF GRAVITATIONAL WAVES
Relativistic binaries
The code that we used for this work (NBODY7) identifies those compact objects that will eventually merge due to the emission of gravitational radiation. Note that the NBODY7 code indicates a binary as 'merging' when at least one of the conditions described in Aarseth (2012) is satisfied 1 (see also Banerjee (2018a, Sect. 2.3.1)). However, the code does not integrate in time these binaries down to the actual coalescence, because this would require a reduction of the timestep down to such small values to make the integration stall.
In Table 5 we give the percentage of BHB mergers as identified by NBODY7 in the simulations. The more massive the cluster, the larger the number of relativistic mergers found. We noted that the initial value of the binary eccentricity is not necessarily correlated with the number of coalescences. The majority of mergers occur in a time range between 5 Myr and 1.5 Gyr. Only two merger events take longer, between ≈ 1.5 Gyr and ≈ 2 Gyr. In our models, the clusters have not yet disrupted when the BHB coalescences occur, still containing more than the 80 % of the initial number of stars. In Figs. 6 and 7 we show the evolution of the BHB semimajor axis and pericentre distance of a few representative cases of Table 5 which initially were circular or eccentric, respectively. It is remarkable that the pericentre distances drop down to 7 − −8 orders of magnitude with respect to the initial value. The eccentricities fluctuate significantly, episodically reaching values very close to unity.
Because of the relativistic recoil kick (Campanelli et al. 2007; Baker et al. 2006; González et al. 2007; Fragione et al. 2018b,a) , the product of the merger of the BHB might achieve very large velocities, such to escape the host cluster in all of the cases due to the very small escape velocity. Fig. 8 shows the distribution of the BHB semi-major axis and eccentricity in the last output before the gravitational wave regime drives the merger.
Because these binaries have undergone many dynamical interactions with other stars, the eccentricities are very high, ranging between 0.99996 and above 0.99999.
Taking into account the expression for the GW emission time, T gw , (Peters 1964 
where q is the mass ratio between the two BHs of mass m 1 and m 2 2 , we found that about 50% of the mergers are mediated by a three body encounter with a pertuber star.Such three body interaction is thus a fundamental ingredient for BHB coalescence in low dense star clusters, as already pointed out by Banerjee (2018a) . An example of such mechanism is discussed in the next section (4.2).
A detailed example of a merger event
As we said above, NBODY7 identifies the binary merger events in a different way when a close interaction with a third object occurs.
However, it does not fully integrate those specific cases because following the detailed binary evolution would practically make the code stuck. So, in order to check with accuracy the process of BHB coalescence upon perturbation, we followed the evolution of one of the allegedly merging BHB by mean of the few-body integrator ARGdf (ArcaSedda & Capuzzo-Dolcetta 2017a). Based on the ARCHAIN code (Mikkola & Tanikawa 1999) , ARGdf includes a treatment of dynamical friction effect in the algorithmic regularization scheme, which models at high precision strong gravitational encounters also in a post-Newtonian scheme with terms up to the 2.5 order (Mikkola & Merritt 2008 , whose first implementation in a direct-summation code is in Kupi et al. 2006 ). We chose, at random, one of our simulations of the D00 model to set initial conditions for the high precision evolution of a "pre merger" BHB considering its interaction with the closest 50 neighbours, number that we checked sufficient to give accurate predictions at regard. This integration is a clear example of the relevance of dynamical interactions with other stars. Fig. 9 is a snapshot of the BHB evolution and the formation of a triple system with a pertuber star. 3 . The BHB shrinks by interacting with such pertuber, of mass 3.4 M , which is in retrograde orbit as compared to the inner binary with an inclination of 105°i ndicating an eccentric Kozai (1962) Lidov (1962 ) mechanism Naoz (2016 . We note also a flyby star of mass 0.5 M which interacts with the triple system (BHB & pertuber) In Fig. 10 we display the step-like increase of the BHB eccentricity, which is marked by the repeated interactions with the outer star. Each time the pertuber orbits around the BHB we observe a step increasing of the eccentricity. On the contrary the flyby encounter is not efficient to make a significant perturbation on the eccentricity evolution. Fig. 11 shows a zoom of the evolution of the BHB latest orbits before the coalescence event. The plot in the rectangle is a zoom of the final part of the BHB trajectory (at its right side), spanning a length scale ∼ 10 −7 pc. Therefore, in this particular case the triple built up is the main ingredient that drives the BHB coalescence. A similar result is derived by Banerjee (2018a) for low dense star clusters-like.
Gravitational Waves
In Fig. 12 we show the amplitude vs frequency of emitted gravitational waves for the case described in the above subsection. Using the last orbital parameters of the binary which correspond to the last integration made with ARGdf , we evolve the last phase of the binary by means of Eq.2 deriving a coalescence time T mrg 7 yrs. The amplitude is estimated following the approach of Keplerian orbits of Peters & Mathews (1963) and the orbital evolution as in the work of Peters (1964) . We have set the luminosity distance to that of the e Figure 10 . Evolution of the BHB eccentricity of Fig. 11 as a consequence of the three body encounter. Each jump in the eccentricity corresponds to a close passage of the third star to the BHB, as described in the text.
first source detected by LIGO (Abbott et al. 2016a) , which corresponds to a redshift of about z = 0.11. As described by the work of Chen & Amaro-Seoane (2017) , only circular sources are audible by LISA, which is "deaf" to eccentric binaries of stellar-mass black holes that emit their maximum power at frequencies farther away from LISA. Hence, this particular source only enters the Advanced LIGO detection band.
Black holes inspiraling outside of the cluster
In our simulations some BHBs undergo a strong interaction with a star and they are kicked out from the cluster. The BHBs become escapers as defined in Section (3.2). In Characteristic amplitude h c of the first most important harmonics for the model of Fig. 11 at a luminosity distance of D = 500 Mpc. We also pinpoint seven moments in the evolution with dots which correspond, respectively, to 5 min, 8 sec and 1 sec before the merger of the two black holes.
this case, the BHBs remain almost frozen in their relative configuration without any possible further evolution of their orbital parameters as described in Section (4.1): the escaping BHB evolves only due to the emission of gravitational radiation. For all these escaping BHBs (47 cases over the whole set of our simulations), we estimate the timescale for coalescence using the approach of Keplerian orbits of Peters (1964) and find that it always exceeds the Hubble time.
The inspiral phase of these binaries falls in the sensitivity window of LISA. However, they evolve very slowly in frequency due to the fact that the semi-major axis is still large, and the time to coalescence scales as ∝ a 4 . For an observational time of 5 years, the source would virtually not have moved in frequency, and hence the accumulated SNR over that time is negligible.
Merger Rate
To estimate approximately the merger rate, R mrg we first derive the mean number density of open clusters, n OC , over a volume Ω corresponding to redshift z ≤ 1 as
In this equation N OC−MW is the number of OCs in Milky Way (MW)-like galaxies and N MW−Ω is the number of MWlike galaxies within z = 1. We estimate the number of OCs in our Galaxy on the basis of the open-cluster mass function discussed in Piskunov et al. (2008) ; Portegies Zwart et al. (2010) for the mass range of OCs considered in our work (from 300 M to approximately 3000 M ). We take N MW = 10 8 as the number of Milky Way-like galaxies at redshift ∼ 1, as discussed in Alexander (2017) . We stress here that the estimated merger rate is an upper limit, since it assumes that each open cluster host a massive BHB similarly to the clusters studied in our models. Hence, the black hole binary meger rate can be estimated to be
where N s is the total number of N-body simulations performed in this work, and t k is the time of each coalescence event as found in our simulations. This estimate is however derived under the most favourable conditions and represents the most optimistic merger rate expected from low-mass open clusters. Note that the BHB merger rate inferred from the first LIGO observations (GW150914) is in the range 2 -600 Gpc −3 yr −1 (Abbott et al. 2016c) . The most updated estimate of the merger rate from LIGO-Virgo events (after including GW170104) is 12-213 Gpc −3 yr −1 (Abbott et al. 2017a) . Our BHB merger rate is consistent with those found in Banerjee (2017 Banerjee ( , 2018b for BHB mergers in Young Massive Star Clusters (YMSC). found a merger rate ranging from 0.05 to 1 Gpc −3 yr −1 for possible progenitor of GW150914 in globular clusters at z<0.3. Rodriguez et al. (2016b) and Rodriguez et al. (2016a) derived that in the local universe BHBs formed in Globular Clusters (GCs) will merge at a rate of 5 Gpc −3 yr −1 . A result very similar was derived by Askar et al. (2017) who, for BHB originated in globular cluster, derived a rate of 5.4 Gpc −3 yr −1 . When the history of star clusters across cosmic time is included, Fragione & Kocsis (2018) showed that the rate in the local Universe is ∼ 10 Gpc −3 , i.e. nearly twice the rate predicted for isolated clusters.
In Fig. 13 we show the estimated merger rate as a function of the initial number of cluster stars (N). The merger rates derived from our models A, B, C and D are well fitted with a linear relation. An extension of our merger rate estimate to globular cluster-like systems (N > 10 5 ) gives a result in agreement with that found in Park et al. (2017) , and previously found by Bae et al. (2014) and Rodriguez et al. (2016a,b) .
Although BHB mergers originating in open clusters-like systems might be less numerous than those produced in massive star clusters, they would add a comparable amount to the BHB merger rate in the Universe because of their larger abundance (Banerjee 2018b,a) .
TIDAL DISRUPTION EVENTS AND BHB EJECTION
All numerical models we have considered so far have solar metallicity, Z = 2.02, and are based on the standard stellar evolution recipes (Hurley et al. 2000 (Hurley et al. , 2002 . Moreover, they all consider an equal-mass BHB sitting in the host cluster centre with an initial mass M BHB = 60 M . In order to explore the role played by metallicity, stellar evolution recipes adopted, BHB mass and mass ratio, we present in this section an additional sample consisting of 421 simulations (the supplementary models), gathered in 5 different groups.
In all these 5 supplementary groups, the OC initial conditions are the same as in D00 principal models. This implies N cl = 4096 and, for the BHB initial orbit, a BHB = 0.01 pc and e BHB = 0, unless specified otherwise. We labels each group with the letter M and a number between 1 and 5.
In model M1, we model the OC assuming an initial metallicity value Z = 0.0004, typical of an old stellar population. The BHB initial conditions are the same as in model D00. Stellar evolution is treated taking advantage of a new implementation of the SSE and BSE tools, which includes metal-dependent stellar winds formulae and improvements described in Belczynski et al. (2010d) . In the following, we identify the updated stellar evolution treatment used for model M1 as BSEB, while in all the other cases we label Table 6 . Supplementary models. The columns refer to: model name, BHB individual masses and mass ratio, metallicity, stellar evolution recipes used, number of simulations performed. The cluster is always simulated with 4096 stars. them with BSE. Note that these updates allow the formation of BHs with natal masses above 30 M , while this is not possible in the standard SSE implementation (Hurley et al. 2000) . Moreover, it must be stressed that the updates affect only metallicities below the solar value. Model M2 is similar to model M1 in terms of initial metallicity and BHB initial condition, while we used the standard SSE and BSE codes to model stellar evolution. Therefore, the underlying difference between this and the previous is that in the latter the mass of compact remnants is systematically lower. This, in turn, implies that the number of perturbers that can have a potentially disruptive effect on the BHB evolution is reduced in model M2.
In model M3 we adopt Z = 0.02, i.e. solar values, and we focuse on a BHB with component masses M 1 = 13 M and M 2 = 7 M . This set has a twofold focus. On one side, it allows us to investigate the evolution of a BHB with mass ratio lower than 1. On the other side, since in this case the BHB total mass is comparable to the maximum mass of compact remnants allowed from stellar evolution recipes, gravitational encounters should be more important in the BHB evolution.
To further investigate the role of mass ratio, M4 models are similar to M3, but in this case the BHB mass ratio is smaller, namely q = 0.23, i.e. the components mass are M 1 = 30 M and M 2 = 7 M .
In all the principal and supplementary models discussed above, we assume that the BHB is initially at the centre of the OC. In order to investigate whether such a system can be formed dynamically, i.e. via strong encounters, in model M5 we set two BHs, with masses M 1 = M 2 = 30 M , initially unbound. In this case we set Z = 0.02, in order to compare with D00 principal models.
The results of these runs are summarized in Table 7 .
Since we are interested only in the evolution of the initial BHB, we stop the simulations if at least one of the BHB initial components is ejected away from the parent OC.
When metallicity-dependent stellar winds are taken into account (model M1), the reduced mass loss causes the formation of heavier compact remnants, with masses comparable to the BHB components. Since the number of BHs is ∼ 10 −3 N cl , according to a Kroupa IMF, in models M1 at least 4-5 heavy BHs can form, interact and possibly disrupt the initial BHB. This is confirmed in the simulations results -we find one of the BHB components kicked out in P esc = 34.9% of the cases investigated. After the component ejection, the remaining BH can form a new binary with one of the perturbers, or a new BHB.
The "ejection probability" in models M2 is only slightly lower than in M1, P esc = 33.6%, thus implying that the heavier perturbers forming in models M1 only marginally affect the BHB evolution. This is likely due to two factors: (i) their number is relatively low (4-5), (ii) the mass segregation process in such a low-density, relatively light stellar system is slower than the time over which stellar encounters determine the BHB evolution. The latter point implies that the BHB evolution is mostly driven by the cumulative effects of multiple stellar encounters, rather than to a few interactions with a heavy perturber.
In model M3, characterized by a lighter BHB and solar metallicity, the BHB total mass falls in the high-end of the BH mass spectrum, 20 M . This implies a larger number of massive perturbers with respect to the standard case discussed in the previous sections and provides insight on the fate of light BHBs in OCs. Due to the high-efficiency of strong interactions, the BHB unbinds in f esc = 32% of the cases, and in no case the BHB undergoes coalescence.
Model M5 is characterized by a similar ejection probability, which instead rises up to 40.5% in model M4. This is likely due to the relatively low-mass of the secondary component. Indeed, as shown through scattering experiments, BHB-BH interactions seem to naturally lead to a final state in which the resulting BHB has a larger mass ratio (see for instance Arca-Sedda et al. 2018) .
In a few cases, we found that the BHB disruption is mediated by a star, which binds to one of the two BHB former components. The newly formed BH-star pair is characterized by a high eccentricity (e > 0.9) and pericentre sufficiently small to rip the star apart and give rise to a tidal disruption event (TDE). In the current Nbody6 implementation, only the 10% of the star mass is accreted on the BH, while this percentage can be as high as 50%.
The fraction of models in which a TDE takes place spans one order of magnitude, being f TDE 0.03 − 0.3, with the maximum achieved in models M4 and the minimum in M1. Note that in model M5 we did not found any TDE (see Table  7 ), but in this case the two BHs are initially moving outside the OC inner regions.
In our models, TDEs involve either main sequence stars (MS), stars in the core He burning phase (HB) or in the early asymptotic giant branch (AGB) phase. In model M3 ( f TDE = 0.14) TDEs involve MS (29%), early AGB (57%) and AGB (14%) stars. In model M4, where the BHB has a low mass ratio (q = 7/30), TDEs are boosted, since in this case is easier to replace the lighter BH. Indeed, a component swap occurs in 28.5% of the cases, with the new companion star being swallowed by the heavier BH.
Our findings suggest that X-ray or UV emission from OCs can be the signature of the presence of BHs with masses as high as 20 − 30 M .
Using our results we can calculate the TDE rate for Milky Way -like galaxies as
Our estimates nicely agree with similar TDE-rate calculation provided by Perets et al. (2016) , and results in a ∼ 1 order of magnitude lower than the values calculated for TDEs occurring around supermassive black holes ( We apply the same analysis to our principal models and find a TDE rate for solar-metallicity OCs of Γ TDE = 0.3 − 3.07 × 10 −6 yr −1 for MW-like galaxies in the local Universe.
The BHB coalescence occurs in a few cases f mer 0.004, and only in models M2, where metallicity dependent mass loss is disabled. This suggests that there exists three different regimes, depending on the perturber maximum mass M p . If (1) M BHB M p , the BHB is much more massive than field stars and stellar encounters poorly affects its evolution; however, if (2) M BHB ≥ M p , a few perturbers have masses comparable to the BHB, and can efficiently drive it toward coalescence, causing for instance an increase in the BHB eccentricity or a considerable shrinkage; in case (3) that M BHB = M p , there is at least one perturber with a mass similar, or even larger, than the BHB. The BHB-perturber interactions causes either the BHB disruption, or the formation of a new BHB with the perturber replacing the lighter BHB component.
Note that we cannot exclude that a BHB merge in other models, since we stop the computation if the original BHB gets disrupted. Hence, we can infer a lower merger rate for metal poor OCs as follows
These models highlight the importance of stellar evolution in our calculations, since stronger stellar winds lead to smaller remnants reducing the number of objects massive enough to cause the BHB disruption. This leads to a higher probability for the BHB to shrink by the repeated interactions with smaller objects.
As described above, in model M5 the two BHs are initially unbound, and their initial position and velocities are kept coherently to the OC distribution function. In this situation, the fraction of cases in which at least one of the BHs is ejected from the cluster is similar to that of the other models ( f esc ∼ 32.6%), but in none of the models the two BHs bind together. This is due to the low efficiency of dynamical friction in the OC that avoids the two BHB to decay in the innermost potential well. Also TDEs are suppressed, due to the low number of strong encounters between BH and cluster stars because of the low density of the surrounding environment.
To conclude, our supplementary models confirm that the possibility for a BHB to coalesce in an OC depends strongly on the environment in which the BHB formed and on its total mass and mass ratio. In metal-poor OCs (metaldependent) stellar winds drive the formation of a seizable number of massive perturbers that can efficiently disrupt the BHB, thus reducing the coalescence probability. Coalescence is strongly reduced also in the case of low mass ratios (q ∼ 0.2) or relatively light BHBs (M 1 + M 2 ∼ 20 M ).
One of the most interesting outcomes of the models presented in this section is the possibility to use the OC TDE rate as a proxy to infer the presence of a massive BH or BHB around the OC centre.
CONCLUSIONS
In this paper we address the evolution of an equal mass, nonspinning, stellar BHB with total mass 60 M inhabiting the centre of a small/intermediate star cluster (open cluster like, OC), using the direct N-body code NBODY7 (Aarseth 2012) . In order to quantify the effect of repeated stellar encounters on the BHB evolution, we vary the OC total mass and the BHB orbital properties, providing a total of ∼ 1150 simulations which we refer to as principal models. For the sake of comparison, we also investigate the role played by the BHB total mass, the stellar evolution recipes adopted and the OC metallicity. These can be considered as supplementary models. The total simulations sample hence consists of ∼ 1500 different OC models, with masses in the range 300 − 3000 M .
In ∼ 95% of all the principal simulations performed, the BHB hardens due to the repeated scatterings with flyby stars, while its eccentricity increases significantly. This process takes place on a relatively short time-scale, ∼ 1 Gyr. In ∼ 1.2% of the principal simulations, instead, the perturbations induced by massive stars that occasionally approach the BHB make it wider. In the remaining ∼ 4.8% cases, the interactions with OC stars are sufficiently strong to break up the BHB. When the BHB gets harder, its semi-major axis reduces by 2 to 4 orders of magnitude, thus decreasing the merger time-scale by a factor 16 in the best case. Hardened BHBs are retained within the parent OC with a probability of 95%, while those becoming wider are all retained. In the case of BHB breakup, the two BHs tend to form short-lived binary systems with other OC stars, and eventually at least one of the two BHs is ejected from the parent cluster.
In ∼ 3% of the models, the star-BHB interactions are sufficiently effective to drive the BHB coalescence within a Hubble time. We find that a crucial ingredient for the BHB to merge is the interaction with a perturbing star, which considerably shortens the merger time. These dynamical perturbers enhance the number of GW sources by as much as 50%. The merger takes place in a time ranging from 5 Myr to 2.9 Gyr. In a few cases, the merging binaries emit GWs shifting from the 10 −3 to the 10 Hz frequency band. This suggests that merging BHBs in OCs can potentially be seen both by LISA, ∼ 200 yr before the merger, and LIGO, during the last phase preceding the merger.
Extrapolating our results to the typical population of OCs in MW-like galaxies in the local Universe, we found that the most optimistic merger rate for BHB mergers in low-mass stellar systems is R mrg ∼ 2 yr −1 Gpc −3 , a value compatible with the merger rate expected for galactic nuclei, but smaller than the merger rate inferred for globular and young massive clusters. According to our supplementary models, in low-metal environments the BHB hardening is suppressed, due to the presence of a large number of high-mass perturbers that can efficiently drive the BHB disruption. In this regard, different stellar evolution recipes may affect significantly the results, since they regulate the maximum mass of compact remnant. Assuming a smaller BHB and a solar metallicity for the cluster stars leads to similar results, since, again, the fraction of perturbers sufficiently massive to drive the BHB disruption is much larger.
In none of the cases in which the BHB components are initially kept unbound the BHB forms via dynamical processes. This is due to the low efficiency of dynamical friction in the OC low-dense environment, which is unable to drive the BHs orbital segregation and pairing. So binaries as the ones considered in this paper should be primordial.
In a noticeable fraction of the supplementary models, we found that the BHB breaks up and one of the BHs forms a very eccentric binary with an OC star, typically a main sequence or an AGB star. These binaries are usually shortliving systems and result in a tidal disruption event, with part of the stellar debris being swallowed by the BH.
Our supplementary models suggest that TDEs in OCs occur at a rate Γ TDE = 3.08 × 10 −6 yr −1 per MW-like galaxies in the local Universe.
